The nonequilibrium dynamical behavior and structure formation of end-functionalized semiflexible polymer suspensions under flow are investigated by mesoscale hydrodynamic simulations. The hybrid simulation approach combines the multiparticle collision dynamics method for the fluid, which accounts for hydrodynamic interactions, with molecular dynamics simulations for the semiflexible polymers. In equilibrium, various kinds of scaffold-like network structures are observed, depending on polymer flexibility and end-attraction strength. We investigate the flow behavior of the polymer networks under shear and analyze their nonequilibrium structural and rheological properties. The scaffold structure breaks up and densified aggregates are formed at low shear rates, while the structural integrity is completely lost at high shear rates. We provide a detailed analysis of the shear-rate-dependent flow-induced structures. The studies provide a deeper understanding of the formation and deformation of network structures in complex materials.
I. INTRODUCTION
Smart and responsive complex materials can be achieved by self-organization of simple building blocks. By now, a broad range of functionalized colloidal and polymeric building blocks have been proposed and designed.
1-8 This comprises synthetic colloidal structures, e.g., patchy or Janus colloids [8] [9] [10] or biological molecules such as DNA duplexes. 11 These building blocks are able to self-organized into gel-like structures, e.g., hydrogels, which are able to undergo reversible changes in response to external stimuli. [12] [13] [14] [15] [16] [17] [18] [19] [20] Thereby, rodlike molecules, such as viruses 21 or telechelic associative polymers, [22] [23] [24] [25] [26] [27] exhibit novel scaffold-like structures, and theoretical and experimental studies have been undertaken to unravel their structural and dynamical properties in suspensions. Here, polymer flexibility and endinteractions are the essential parameters to control the properties of the self-assembled network structures.
28-30
The appearing structures can be directed and controlled by external parameters, specifically by the application of external fields such as a shear flow.
1 Here, a fundamental understanding of the nonequilibrium response of a network structure is necessary for the rational design of new functional materials and that of already existing synthetic and biological scaffold-like patterns.
31-36
Computer simulations are an extremely valuable tool to elucidate the self-organized structures of functionalized polymers. Monte Carlo 28 and molecular dynamics simulation 15, 24, 29 studies of coarse-grained models of end-functionalized flexible, semiflexible, and rodlike polymers in solution have shown that in thermal equilibrium self-organized scaffold-like network structures form above a critical attraction strength and within a range of concentrations. This network formation is a) Electronic mail: j.myung@fz-juelich.de b) Electronic mail: r.winkler@fz-juelich.de c) Electronic mail: g.gompper@fz-juelich.de strongly affected by the polymer flexibility, because flexible polymers can span a larger range of distances between connections points, even form loops, and deform easily thereby generating softer networks. The molecular dynamics simulation studies of telechelic polymers of Ref. 24 predict flower-like micellar aggregates for flexible polymers. For stiffer polymers, significant morphological changes appear, with liquid-crystalline-like order of adjacent polymers and inter-connected structures.
24,29
Recent nonequilibrium simulations of end-functionalized rodlike polymers exhibit further structural changes under shear flow.
30 At low shear rates, the scaffold structure compactifies, while at intermediate shear rates novel bundle-like structures appear with nematically ordered rods. In the limit of very strong flows, all structures are dissolved and the rodlike polymers align in a nematic fashion.
In this article, we extend the previous studies and investigate the influence of shear flow on the scaffold-like network structure of end-functionalized semiflexible polymers. Both, the structure properties under shear flow as well as the rheological properties are analyzed for various shear rates. We find that an initial scaffold structure breaks up and densified aggregates are formed at low shear rates, while the structural integrity is completely lost at high shear rates. Thereby, flexibility gives rise to particular compact aggregates at intermediate shear rates. In addition, the relaxation behavior of shearinduced structures after cessation of flow is analyzed in part in order to elucidate the reversibility of the shearinduced structures.
We apply a hybrid simulation approach, which combines the multiparticle collision dynamics (MPC) method for the fluid, [37] [38] [39] [40] which accounts for hydrodynamic interactions, [39] [40] [41] [42] with molecular dynamics simulations for the semiflexible polymers. 39, [43] [44] [45] The MPC method has successfully been applied to study the equilibrium and nonequilibrium dynamical properties of complex systems such as polymers, 39, 40, [44] [45] [46] [47] [48] [49] [50] colloids, [51] [52] [53] [54] [55] [56] [57] [58] vesicles and blood cells, 59, 60 as well as various active systems.
61-63
The combination of coarse-grained modeling of endfunctionalized polymers and a particle-based mesoscale hydrodynamic simulation technique is ideally suited for such a study. On the one hand, we want to elucidate the general principles of structure formation under nonequilibrium conditions. The achieved insight will be useful to understand the behavior of a broad spectrum of experimental systems, ranging from highly flexible synthetic polymers, e.g., telechelics, to stiff biological macromolecules, such as DNA segments. On the other hand, mesoscale hydrodynamic simulation approaches are essential, because only they allow to reach the large length and time scales, which are required to capture the long structural relaxation times in shear flow with typical shear rates of 10 1 − 10 3 Hz. 1, 64 In addition and most importantly, particle-based hydrodynamic simulation approaches naturally include thermal fluctuations, which are indispensable for a proper description of polymer entropy and entropic elasticity. Of course, coarse-grained modeling has its limitations in predicting the behavior of particular experimental systems quantitatively. Here, additional simulations of atomistic models are required to predict binding energies and bending rigidities.
This paper is organized as follows. The simulation approaches are introduced in Section II. The deformation of the polymer network under shear and rheological properties are discussed in Section III, and the dependence on the polymer flexibility is addressed. Relaxation of shear-induced structures is discussed as well. Section IV summarizes our findings. Our hybrid simulation approach combines the multiparticle collision dynamics method for the fluid with molecular dynamics simulations for the semiflexible polymers. 44 In the MPC method, the fluid is represented by N s point particles of mass m, which interact with each other by a stochastic process. 39, 40, 65 The dynamics proceeds in two steps-streaming and collision. In the streaming step, the particles move ballistically and their positions are updated according to
Here, r i and v i are the position and velocity vector of the ith particle, and h is the time between collisions. In the collision step, the particles are sorted into cells of a cubic lattice with lattice constant a, and their velocities are rotated relatively to the center-of-mass velocity v cm of the cell
where R(α) is the rotation matrix for the rotation around a randomly oriented axis by the fixed angle α. The orientation of the axis is chosen independently for every collision cell and collision step.
B. Polymer Model
A semiflexible polymer is modeled as a linear sequence of N m mass points of mass M . These monomers are connected by harmonic springs with bond potential
where r k is the position of monomer k, l is the equilibrium bond length, and k b is the spring constant. Semiflexibility is implemented by the bending potential
Here, κ = k B T L p /l 3 is the bending rigidity, where k B is the Boltzmann constant, T is the temperature, and L p is the persistence length. Excluded-volume interactions between monomers are taken into account by the shifted and truncated Lennard-Jones potential (LJ)
where σ is the diameter of a monomer and ε is the interaction strength. Aside from the polymer ends, all monomer interactions are purely repulsive, with the cutoff distance r c = 2 1/6 σ and the shift A = 1/4. For the attractive ends, the cutoff is set to r c = 2.5σ and ε is varied according to the desired attraction strength.
C. Polymer-Solvent Coupling
The polymer-solvent coupling is implemented by including the monomers in the collision step. Hence, the particle center-of-mass velocity of a cell containing monomers is
where N 
α = 130
• , h = 0.1 ma 2 /k B T , and the mean number of fluid particles in a collision cell N c s = 10. We choose the bond length l as length unit and set for the collisioncell size a = l. Moreover, we set σ = l, M = 10m, and k b = 5000k B T /a 2 . The latter ensures that the bond lengths remain close to the equilibrium value even under shear flow for all considered shear rates. The equations of motion for the monomers are solved by the velocityVerlet algorithm with time step h p = h/50.
66
In total, 2000 polymers of length N m = 20 are considered. Approximating a polymer by a cylinder of length L ≈ N m σ = 20σ, the polymer-volume fraction is φ = 0.06. Initially, the polymers are distributed randomly in the simulation box and are equilibrated without end-attraction. Then, the end-attraction is turned on and the system is again equilibrated until expectation values reach a steady state.
Shear flow is imposed on equilibrium structures by Lees-Edwards boundary conditions, 66 with the flow direction along the x axis and the gradient along the y axis of the Cartesian reference system. Shear is characterized by the Weissenberg number W i =γτ , whereγ is the shear rate and τ is the end-to-end vector relaxation time of a polymer in dilute solution. 44 Explicitly, the values of the relaxation time are τ / ma 2 /k B T = 4815 and 10220 for the persistence lengths L p /L = 1/2 and 5, respectively. 29 In the following, we will refer to polymers with L p /L = 1/2 and 5 as semiflexible and rodlike, respectively.
For an efficient simulation of the polymer and MPC fluid dynamics, we exploit a graphics-processing-unit (GPU) based version of the simulation code.
67

III. RESULTS
A. Structural Properties under Shear
For an end-end attraction strength ε/k B T 3, scaffold structures appear under equilibrium conditions.
28-30
This equilibrium scaffold-like network structure undergoes severe structural rearrangement under shear flow. This is illustrated in Fig. 1 , where polymer configurations are shown for the persistence length L p /L = 1/2, the end-attraction strength ε/k B T = 4, and various shear rates. As shear flow is applied, the network breaks up and for low shear rates (W i 5) densified aggregates are formed. The scaffold structure persists, but the network phase separates into polymer-rich and polymer-poor domains. At intermediate shear rates W i ≈ 2.4, smaller, partially connected domains are formed, which are reminiscent to micellar structures. 24 Finally, for high shear rates W i 50, the structural integrity is completely lost and polymers are aligned in a nematic-like manner along the flow direction.
The initial separation (for W i 0.5) into polymer-rich and polymer-poor domains appears in a similar fashion for rodlike polymers. 30 Hence, it seems to be a generic feature of such network structures. However, the shearinduced micellar structures are only observed for more flexible polymers. Here, the flow is sufficiently strong to bend the polymers and induce an attraction between the ends of the same polymer. The nematic alignment at high shear rates is again similar to rodlike polymers. It is caused by the shear forces and appears also for dilute solutions of flexible polymers.
44,68
To characterize these structures, we determine the average coordination number N bond , which is defined as the number of end-beads in proximity of each other, i.e., within distances r ≤ 1.5σ. Figure 2a shows N bond as a function of the shear rate for the end-attraction strengths ε/k B T = 1.5, 3, and 4. For the lowest value ε/k B T = 1.5, no scaffold is formed at equilibrium. [28] [29] [30] In addition, the N bond is independent of shear rate, which indicates that there is no shear-induced network structure either. Naturally, the polymers are aligned by the flow, in a similar fashion as non-attractive polymers.
44
In systems with scaffold structures, the equilibrium coordination number at zero shear exceeds that of disordered systems considerably, as discussed in more detail in Ref. 29 . This equilibrium scaffold structure is gradually broken by the shear flow for ε/k B T = 3, and the average coordination number decreases. The number of free ends N end , which are not adjacent to any other end-bead, increases simultaneously. In contrast, for ε/k B T = 4, the average coordination number first increases with increasing shear rate and passes through a maximum at W i ≈ 1. This is associated with the compactification of the scaffold structure visible in Fig. 1 . The attraction is evidently so strong that the shear-induced structural changes lead to an enhanced binding of polymer ends. The values of N bond decrease rapidly with increasing shear rate for W i 10, and the value of an equilibrium non-attractive assembly of polymers is assumed. Simultaneously, the number of free end-beads N end increases as the shear rate increases, as shown in Fig. 2b .
We present the distribution of the coordination number for various shear rates in Fig. 3 . The dashed lines are fits to guide the eye, with a Gaussian function for W i 5 and an exponential function for W i 50. Evidently, nodes with a larger number of end-beads are induced at low shear rates (W i 5) compare to the distribution without flow (W i = 0). For high shear rates (W i 10), the coordination number is significantly small. Corresponding mean values are shown in Fig. 2a .
A qualitative similar behavior of P (N bond ) is found for systems at equilibrium and various attraction strengths. 29 For attraction strengths ǫ/k B T < 3, P (N bond ) decreases exponentially with increasing N bond . For larger values of ε, a maximum of the distribution function appears, as also shown in Fig. 3 . The exponential decay indicates the lack of a network structure either due to too weak attraction or too strong external forces.
B. Effect of Flexibility
Polymer flexibility strongly affects the appearing shear-induced structures. This is reflected in Fig. 4 (Multimedia view), where structures are displayed for the persistence lengths L p /L = 1/2 and 5. For semiflexible polymers (L p /L = 1/2), the original scaffold network breaks up and micellar structures are formed. In contrast, rodlike polymers (L p /L = 5) are strongly aligned along the flow direction and form thick bundles, an effect already observed for various end-attraction strengths in Ref. 30 . In both cases, the end-beads assemble in nodes. For the semiflexible polymers, this can be achieved by significant shear-induced conformational changes of an individual polymer, which gives rise to micellar-like aggregates. The two ends of a polymer can even meet at the same node. 24, 29, 69, 70 This is not possible for rodlike polymers. Their two ends can only participate in two different nodes. 30 In consequence, more dense structures are formed with well aligned rods. The respective coordination number distributions are shown in Fig. 5 . Rodlike polymers form nodes with a large number of end-beads, in agreement with the thick bundles (cf. Fig. 4b) .
To further characterize the shear-induced structure, Fig. 6 presents the distribution N θ of angles θ between bundles for the two different persistence lengths. Here, a bundle is defined as a connection of two neighboring nodes by two or more polymers. For semiflexible polymers (L p /L = 1/2), the distribution exhibits a broad peak at θ = π/3. Note that a peak at θ = π/3 is a characteristics of a scaffold network, 28 which is more pronounced in equilibrium structure without flow, 29 while a peak at θ = π indicates parallel alignment of bundles along the flow direction. For rodlike polymers (L p /L = 5), the peak at θ = π is much more pronounced, as expected for bundles. Peaks at θ = π/3 and 2π/3 are also present for rodlike polymers, which implies that the initial scaffold-like connectivity is not completely lost. The structural rearrangement under shear flow affects the rheological properties of the system.
1,71 Figure 7 shows average monomer velocity profiles along the flowgradient direction for L p /L = 1/2 and ε/k B T = 4. The flow profiles are non-monotonic for shear rates W i 5, which has also been observed in previous studies of rodlike polymers. 30 The bands in the velocity profile can be understood as a consequence of the structural inhomogeneity under shear flow. The low-shear-rate regions correspond to polymer-rich domains, where a densified network resists the applied shear. In contrast, polymerpoor domains can flow easily, which yields high-shearrate regions. For higher shear rates, the velocity profile becomes smoother and we observe a linear monotonic profile for W i = 48. Here, the structural integrity is lost and polymers are aligned along the flow direction (cf. Fig. 1 ). For both, rodlike 30 and semiflexible polymers, a monotonic velocity profile is observed for weak endattraction strengths (ε/k B T < 3), where the network is either not formed or not strong enough to resist flow.
We present the polymer contribution to the shear viscosity η p as a function of shear rate in Fig. 8 . The polymer contribution to the shear stress σ p is determined by the virial expression where the forces F p follow from the potentials of Eqs. (3), (4), and (5). 72, 73 The viscosity is then calculated as η p = σ p /γ. For semiflexible polymers (L p /L = 1/2), the viscosity increases with increasing attraction strength for all shear rates (cf. Fig. 8 ). In particular, for ε/k B T = 4, the viscosity of systems of rodlike networks (L p /L = 5) is somewhat larger than those comprised of semiflexible polymers (L p /L = 1/2). Evidently, the rodlike nature enhances polymer end contacts, and thus, leads to more stable structures. The systems exhibit shear-thinning behavior for the range of applied shear rates, and a Newtonian plateau is observed for weak end-attraction strength (ε/k B T = 1.5) at low shear rates.
The shear stress σ p in the small-strain regionγt 10 is plotted in Fig. 9 for ε/k B T = 4. The stress increases initially in a linear manner. The end of this elastic regime is reached at the strain γ ≈ 1. For larger strains, the network deforms plastically and reaches its maximum strength for γ ≈ 2. For even larger strains, the stress decreases again. The initial elastic response and yield suggests that there is no Newtonian viscosity plateau for large attraction strengths. To shed light on the structural change in the vicinity of the maximum strength, we present the average coordination number as a function of strain in Fig. 10 . Initially (γ < 0. constant for low shear rates (W i 5). In this regime, the network structure is stable and the deformation energy is stored, i.e., the structure behaves elastically. As strain increases, N bond starts to decrease and reaches a minimum at γ ≈ 2, where the network structure breaks up. For γ > 2, N bond increases again slowly (cf. inset of Fig. 10 ), which implies that shear-induced aggregates form. For high shear rates (W i 10), N bond decreases monotonically and an asymptotic low steady-state value is assumed. Here, the network breaks up continuously as shear flow is applied. In order to elucidate the uniqueness of the observed structures, we allow the shear-induced structures to relax after cessation of flow. Figure 11 shows snapshots of structures after relaxation from initially sheared states for L p /L = 1/2 and ε/k B T = 4. Shear-induced aggregates, which are formed at low shear rates (W i = 2.4) remain after relaxation, and the initial scaffold-like network structure is not fully recovered. When the structural connectivity is fully destroyed for larger shear rates (W i = 48), the system relaxes back to a scaffold-like network. The coordination number distributions for the two structures are shown in Fig. 12 . In addition, the distribution of N bond of the initial, non-sheared structure is displayed. The recovered structure after high shear rates (W i = 48 → W i = 0) shows a similar distribution of the coordination number as the initial scaffold-like network. However, the coordination number is clearly larger for the relaxed structure after application of a low shear rate (W i = 2.4 → W i = 0). Here, a new (equilibrium) structure is formed, which is at least metastable.
Our studies of networks with weak end-attraction strengths (ε/k B T < 3) reveal that the scaffold-like network structure is recovered after relaxation regardless of pre-applied shear rate. The dependence of the network structure on the initial configuration for strong end-attraction (ε/k B T ≥ 4) has also been observed at equilibrium. 29 Hence, care has to be taken on equilibrated state of the system.
IV. CONCLUSION
The nonequilibrium structural and dynamical properties of end-functionalized semiflexible polymer suspensions have been investigated by mesoscale hydrodynamic simulations. Under flow, the scaffold-like network structure of polymers breaks up and densified aggregates are formed at low shear rates, while the structural integrity is completely lost at high shear rates. We find that network deformation is strongly affected by the polymer flexibility. Shear-induced aggregates, which are formed at low shear rates and strong end-attraction, show different structures depending on the polymer flexibility. For semiflexible polymers, the scaffold network breaks up under shear and micellar structures are formed. In contrast, rodlike polymers are more strongly aligned along the flow direction and form thick bundles of smectic-like stacks. For high attraction strengths ε/k B T 4, we find that shear-induced dense aggregates remain after relaxation, while the system relaxes back to a scaffold-like network when the structural connectivity is fully destroyed under high shear. For lower attraction strengths, the equilibrium structure is fully recovered.
Our studies shed new light on the nonequilibrium properties of self-organized scaffold structures, specifically their formation and deformation under flow. We expect this knowledge to be useful and provide the basis for further theoretical and experimental studies of such systems.
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